Preneoplastic hepatic foci have been demonstrated in liver acini, which drain the blood from intraportally transplanted pancreatic islets in streptozotocin-induced diabetic rats with mild persisting diabetes. In long-term studies of this animal model, hepatocellular adenomas and carcinomas (HCC) developed after a sequence of characteristic preneoplastic hepatic foci. In this experimental model, the local hyperinsulinism is thought to have a causative role. Because insulin and the insulin-like growth factor (IGF) axis are closely linked, an altered gene expression of the IGF axis components is likely. Therefore, preneoplastic hepatic foci and HCC were studied for the expression of IGF axis components. Glycogen-storing "early" preneoplastic hepatic foci were detectable several days after pancreatic islet transplantation. Northern blot analysis, in-situ hybridization, and immunohistochemical studies of these "early" lesions demonstrated increased expressions of IGF-I and IGF binding protein-4 (IGFBP-4) in altered parenchymal cells, and a decreased expression of IGFBP-1. IGF-II was not detected in these preneoplastic foci. HCC arising in this model had decreased expressions of IGF-I and IGFBP-4 but IGFBP-1 expression was not significantly altered. Some HCC showed a more than 100-fold overexpression of IGF-II, whereas other tumors were completely negative for IGF-II expression. Low IGF-I receptor expression was detected in preneoplastic foci and adjacent nonaltered liver tissue. However, HCC tissue consistently showed an increased IGF-I receptor expression, rendering these tissues susceptible to the mitogenic effects of IGF. The altered gene expression in glycogen-storing preneoplastic hepatic foci, especially the up-regulation of IGF-I and IGFBP-4 with the down-regulation of IGFBP-1, resemble the insulin-dependent regulation of these components in normal rat hepatocytes. These data agree with previous studies demonstrating a correspondence of the focal character, morphology, and enzyme pattern of preneoplastic hepatic foci with insulin effects on hepatocytes. The development from preneoplastic foci to HCC may be driven by insulin itself and/or an altered IGF axis component or yet unidentified factors. (Lab Invest 2000, 80:1399-1411.
A n extensive array of growth factors and their respective receptors have been identified and may act as positive or negative modulators of cell proliferation and differentiation of malignant cell systems. Among these, the insulin-like growth factors I and II (IGF-I and IGF-II), their receptors and their binding proteins play an increasingly recognized role in tumor formation, growth, and metastasis in vivo (Macaulay, 1992; LeRoith et al, 1995a) . During this process, a crucial role has been attributed to the IGF-I receptor (IGF-IR); IGF-IR has been shown to mediate mitogenic signals, to be protective from a variety of apoptotic injuries, and to be necessary for the transformation of certain types of cells (Baserga, 1999; LeRoith et al, 1995b) . The IGF-II/mannose 6-phosphate receptor (IGF-II/M6PR), however, is thought to be a tumor suppressor gene (De Souza et al, 1997) , because it is involved in transport of lysosomal enzymes; in binding, internalization, and degradation of IGF-II; and in activation of the mito-inhibitory transforming growth factor-␤ (TGF-␤) (Braulke, 1999) .
Within circulation and tissue compartments, IGF is bound with high affinity to a family of structurally related binding proteins (IGFBP) (Bach and Rechler, 1995; Clemmons, 1997; Jones and Clemmons, 1995) . Thus far, six distinct IGFBP have been characterized, which differ in molecular mass, IGF binding properties, and posttranslational modifications such as phosphorylation and glycosylation (Shimasaki and Ling, 1991) . Many functions have been proposed for the IGFBP, including carrier proteins in the circulation, storage of IGF in specific tissue compartments, inhibition of IGF action by preventing access to IGF receptors, or potentiation of the mitogenic response by providing a stable source of available growth factor (Clemmons, 1997) . In adult rats, the liver has been recognized as a main source of circulating IGF and of individual IGFBP (Bach and Rechler, 1995) . Several studies have indicated that these proteins are produced in different hepatic cell populations. Rat hepatocytes have been shown to secrete IGFBP-1, IGFBP-2, and IGFBP-4 (Bö ni-Schnetzler et al, 1990; Menuelle et al, 1995; Villafuerte et al, 1991) , whereas IGFBP-3 expression was only found in Kupffer cells, endothelial cells, and hepatic stellate cells (Scharf et al, 1995 (Scharf et al, , 1996 (Scharf et al, , 1998a Villafuerte et al, 1994 Villafuerte et al, , 1995 . IGF-I is mainly released from hepatocytes (Kachra et al, 1991; Scharf et al, 1998a; Scott et al, 1985a Scott et al, , 1985b .
IGF-II may play a role in hepatic carcinogenesis because increased IGF-II gene expression is found in liver tumors and precursor lesions (preneoplastic hepatic foci) in different animal models of hepatocarcinogenesis (Casola et al, 1995; Christofiori et al, 1994; Norstedt et al, 1988; Schirmacher et al, 1992; Yang et al, 1993; Yang and Rogler, 1991) and in human hepatocellular carcinomas (HCC) (Cariani et al, 1988) . However, expression of the IGF receptors and IGFBP has received less attention in the context of hepatocarcinogenesis.
In different species and various animal models of hepatocarcinogenesis, a sequence of characteristic preneoplastic hepatic foci leading to hepatocellular adenomas (HCA) and HCC have been reported (Bannasch, 1996) . Recently, preneoplastic hepatic foci have been demonstrated in liver acini, which drain the blood from intraportally transplanted pancreatic islets in streptozotocin-induced diabetic rats with mild persisting diabetes (Dombrowski et al, 1994 (Dombrowski et al, , 1996 . In long-term studies of this animal model, HCA and HCC developed after a sequence of characteristic preneoplastic lesions from glycogen-storing foci (GSF) over mixed-cell to basophilic-cell foci (Dombrowski et al, 1997) . In this experimental model, the local hyperinsulinism is thought to have a causative role. Because insulin and the insulin-like growth factor (IGF) axis are closely linked, an altered gene expression of the IGF axis components is likely. Therefore, using this rat model of hepatocarcinogenesis, the expression of IGF axis components including IGF-I, IGF-II, IGF-IR, IGF-II/M6PR, and individual IGFBP were examined in the sequence of preneoplastic hepatic foci and HCC. Figure 1 shows a representative northern blot analysis of total RNA isolated from GSF of two animals, 7 days after islet transplantation, and also from the left part of the liver of the same animals, which was free of islets and GSF. This analysis showed transcripts for IGF-I at 7.5 kb, 4 kb, 2 kb, and 1.0 to 1.5 kb. Densitometric analysis revealed that levels of IGF-I mRNA were 2-fold to 3-fold higher in GSF compared with control liver (Fig. 1A) . IGF-II-specific mRNA was not detectable in total RNA from GSF or control liver (data not shown). In both preneoplastic hepatic foci and control liver, IGFBP-1-and IGFBP-4 -coding mRNA transcripts were detected at 1.5 kb and 2.5 kb, respectively. In total RNA isolated from GSF, IGFBP-1 transcripts were reduced to approximately 40% of control levels; levels of IGFBP-4 were increased 3-fold compared with control liver of the respective left lobe (Fig. 1B) .
Results mRNA Expression of IGF-I and IGFBP in Preneoplastic Hepatic Foci

In-Situ Hybridization (ISH) Experiments
Seven days after islet transplantation, IGF-I and IG-FBP expression patterns were examined in GSF by ISH using [
35 S]-labeled antisense IGF-I, IGFBP-1, and IGFBP-4 riboprobes. Hybridization of the IGF-I antisense probe revealed an elevated expression of IGF-I in GSF compared with the surrounding liver tissue ( Fig. 2A) . The bright regions of the autoradiograms indicate areas of positive riboprobe hybridization under dark-field microscopy. Hybridization of an adjacent section of these preneoplastic hepatic foci with a sense IGF-I riboprobe was negative (data not shown), indicating that the hybridization signal observed with the antisense riboprobe was specific for IGF-I mRNA. In control liver, transcripts for IGFBP-1 and IGFBP-4 were homogeneously localized over parenchymal cells. ISH experiments for IGFBP-1 revealed a lower expression over parenchymal cells in GSF (Fig. 2B) , whereas the amount of autoradiographic grains specific for IGFBP-4 was elevated in GSF compared with nonaltered acini (Fig. 2C ).
Immunohistochemical Analysis of IGF-I, IGF Receptors, and IGFBP in Preneoplastic Hepatic Foci and HCA
The distribution of insulin, IGF polypeptides, their respective receptors, and IGFBP in GSF between 2 days and 24 months after islet transplantation and in normal rat liver was investigated by immunohistochemistry. Insulin was detected in ␤ cells of the transplanted islets located within the GSF (Fig. 3B) . For IGF-I, a homogeneous expression over parenchymal cells of control liver was observed. In GSF, IGF-I immunoreactivity was in- Insulin-like growth factor-I (IGF-I) (A), IGF binding protein-1 (IGFBP-1), and IGFBP-4 (B) mRNA expression of total RNA from the left (free of transplants) part of the livers (control) and from glycogen-storing foci (GSF) of the same liver 7 days after islet transplantation. Total RNA was size selected by 2% agarose gel electrophoresis. Membranes were hybridized using a labeled antisense RNA or a cDNA specific for rat IGF-I, IGFBP-1, or IGFBP-4, as indicated. The sizes of the hybridization bands are indicated on the right. To ensure equal loading of RNA, membranes were stripped and rehybridized with an oligonucleotide complementary to 28 S rRNA (lowest panel).
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Figure 2.
In-situ hybridization (ISH) with [
35 S]-labeled IGF-I (A), IGFBP-1 (B), and IGFBP-4 (C) antisense RNA probes of GSF surrounding a pancreatic islet (upper right part of the figure) 7 days after its transplantation into the liver. The islet shows no hybridization, whereas there is an increased number of autoradiographic grains specific for IGF-I and IGFBP-1 and a decrease of IGFBP-1 mRNA-specific signals over GSF, compared with the surrounding nonaltered liver tissue. Parallel sections are depicted in A to C. Dark field illumination. Original magnification, ϫ120. creased compared with adjacent nonaltered acini (Fig.  3C ). Similar to IGF-I, IGFBP-4 immunoreactivity was distributed over parenchymal cells of control liver in a homogeneous pattern. In comparison with surrounding nonaltered acini, GSF showed increased immunoreactivity for IGFBP-4 (Fig. 3D) . In normal rat liver, IGF-IR was localized predominantly in hepatic stellate cells and along the sinusoids whereas hepatocytes showed only weak expression. In GSF, the IGF-IR expression pattern was not different from that observed in control liver or nonaltered acini (Fig. 3E) . Immunohistochemistry of normal liver tissue revealed low levels of IGF-II/M6PR expression in hepatocytes with stronger expression along the sinusoids and in bile duct epithelial cells. IGF-II/ M6PR immunoreactivity was strongly enhanced in hepatocytes of GSF (Fig. 3F ).
IGF Axis in Preneoplastic
Immunohistochemical analysis of HCA that occurred between 6 and 24 months after islet transplantation revealed similar results to those found in GSF, an elevated expression of IGF-I, IGFBP-4, and IGF-II/ M6PR (Fig. 4) . Compared with GSF, expression of IGF-IR in HCA was clearly increased (Fig. 4D ).
mRNA Expression of IGF-I and IGF-II, Their Respective Receptors, and IGFBP in HCC
Quantitative analysis of northern blots after normalization with a 28 S ribosomal RNA probe demonstrated 
Immunohistochemical localization of insulin (B), IGF-I (C), IGFBP-4 (D), IGF-I receptor (IGF-IR) (E)
, and IGF-II/mannose 6-phosphate receptor (IGF-II/M6PR) (F) in a GSF 4 months after islet transplantation. Polyclonal antisera directed against insulin, IGF-I, IGFBP-4, the ␤ subunit of IGF-IR, and IGF-II/M6PR were used as primary antibodies. The periodic acid Schiff (PAS) reaction shows an increase of glycogen content in GSF (A). In B, insulin-producing islet cells are indicated by an arrow. IGF-I, IGFBP-4, and IGF-II/M6PR expressions are increased in the GSF, and IGF-IR expression is unchanged compared with the surrounding liver tissue. Parallel sections are depicted in A to F. Original magnification, ϫ70.
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that the 7.5 kb, 4 kb, 2 kb, and 1.0 to 1.5 kb IGF-I mRNA steady state levels were decreased in HCC tissue to approximately 70% of the levels observed in normal liver. The expression of IGF-II was strikingly heterogeneous in HCC. Some tumors were completely negative whereas other tumors showed a more than 100-fold increase in IGF-II expression (Fig. 5A ). Steady state levels of IGF-IR and IGF-II/M6PR were detectable at 11 kb and 9.0 kb, respectively. IGF-IR expression was consistently increased approximately 2-fold in HCC in comparison with nontumorous liver tissue, whereas IGF-II/M6PR expression was elevated approximately 1.5-fold, as determined by densitometric analysis (Fig. 5B ). IGFBP-1 mRNA was detectable with no appreciable differences between tumoral and nontumorous liver tissue in some HCC, or was moderately increased in some HCC that had marked IGF-II overexpression. Furthermore, northern blot analysis showed that IGFBP-4 mRNA was significantly downregulated in all HCC, to approximately 55% of control levels ( Fig. 5C ).
ISH Experiments in HCC
In HCC tissue, ISH experiments revealed a heterogeneous distribution of mRNA-specific grains; adjacent nontumorous liver tissue showed more homogeneous expression patterns. Figure 6 shows an example of an IGF-II-overexpressing HCC with a high level of IGF-II expression throughout the tumor (Fig. 6B) . IGF-II mRNA-specific grains were barely detectable in the adjacent nontumorous liver. Levels of IGF-I and IGFBP-4 mRNA were significantly reduced over tumor tissue compared with normal liver tissue (Fig. 6 , A and D), confirming the northern blot analysis. IGFBP-1 mRNA was present at approximately the same level in HCC and nonaltered adjacent liver tissue (Fig. 6C ).
Immunohistochemical Analysis of HCC
Immunohistochemical analysis for IGF-I and IGFBP-4 demonstrated lower immunoreactivity over HCC tissue than over adjacent nontumorous liver, confirming results from northern blotting and ISH (Fig. 7 , B and C). Immunolabeling for IGF-IR showed a barely detectable low immunoreactivity over normal liver tissue as stated above. However, strong immunoreactivity for IGF-IR was observed in HCC, with a homogeneous distribution over the tumor tissue (Fig. 7D) . For IGF-II/ M6PR, a moderately increased immunoreactivity was noted over the tumor tissue compared with surrounding normal liver (Fig. 7E ).
Discussion
To investigate the possible role of components of the IGF axis during liver carcinogenesis, we have taken advantage of the stepwise progression toward HCC developing after low-number pancreatic islet transplantation into the livers of streptozotocin-induced diabetic rats. In this model, a sequence of clear glycogen-storing and fat-storing foci over mixed-cell foci and basophilic-cell foci leading to HCA and HCC have been observed (Dombrowski et al, 1997) . Because these lesions were located in close anatomical relationship to the transplanted islets of Langerhans, products of islet secretion are thought to be causative factors resulting in the glycogen-storing and fatstoring liver acini (Dombrowski et al, 1994) . The local hyperinsulinemia (together with other peptides) might cause the demonstrated findings. The phenotype of early preneoplastic liver lesions induced by various agents (such as chemicals, viruses, and radiation), namely, GSF and, in some aspects, mixed-cell foci, resemble the metabolic effects of insulin on hepatocytes (Bannasch, 1996; Klimek and Bannasch, 1993) . Vice versa, the model of islet transplantation used in the present study produced alterations of liver acini induced by insulin which resemble preneoplastic liver lesions in their focal character, morphology, and enzyme pattern (Dombrowski et al, 1994 (Dombrowski et al, , 1996 . Longterm studies have shown that these altered acini represent preneoplastic foci and proceed to neoplasms (Dombrowski et al, 1997) .
Because of the structural homologies among insulin, IGF-I, and IGF-II and among their respective receptors, changes of the hepatic expression of the IGF axis might occur after islet transplantation into the livers of diabetic rats and these changes might contribute to the pathogenesis of tumor development observed in this model. The present study revealed marked alterations of the IGF axis detectable a few days after islet transplantation in GSF, namely ele- 
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vated expressions of IGF-I and IGFBP-4 associated with a decreased expression of IGFBP-1. At this stage of hepatocarcinogenesis, IGF-II was barely detectable in preneoplastic foci or nonaltered acini. IGF-II expression in HCC was heterogeneous, some tumors showed strong IGF-II overexpression and some tumors showed no IGF-II expression. IGF-IR was expressed at low levels in preneoplastic foci, whereas strong IGF-IR expression was detected in HCC, rendering tumor cells susceptible to the mitogenic effects of autocrine and paracrine IGF. Rat hepatocytes in primary culture have been used for investigations regarding the mechanisms of regulation of IGF-I and IGFBP production. These studies demonstrated that regulation of these hepatocyte-derived factors is under the control of a number of hormones, including insulin (Bach and Rechler, 1995) . In primary cultures of hepatocytes, insulin is a strong inhibitor of IGFBP-1 expression (Pao et al, 1993; Scharf et al, 1996; Villafuerte et al, 1992) ; IGF-I expression (Bö ni-Schnetzler et al, 1991; Pao et al, 1993; Phillips et al, 1991) and IGFBP-4 expression (Scharf et al, 1996) are stimulated by insulin treatment. The altered gene expression of IGF axis components in preneoplastic hepatic foci early after islet transplantation, down-regulation of IGFBP-1 expression and up-regulation of IGF-I and IGFBP-4, resembled the regulatory effects of insulin in primary cultures of liver cells.
So far, a comprehensive study on IGF and IGFBP expression in various stages of hepatocarcinogenesis has only been performed in woodchuck hepatitis virus carrier woodchuck liver. These studies demonstrated an overexpression of IGF-II in more than 90% of preneoplastic hepatic foci in precancerous woodchuck liver and in HCC derived from this model (Yang et al, 1993; Yang and Rogler, 1991) . Furthermore, ISH studies demonstrated that IGFBP-1 and IGFBP-2 were down-regulated in preneoplastic hepatic foci and in HCC tumor tissue compared with the adjacent normal liver, whereas IGFBP-4 was up-regulated (Rogler et al, 1995) . Although in the HCC model presented in this study IGF-II overexpression was detectable in HCC but not in preneoplastic foci, the altered IGFBP expression in preneoplastic foci is comparable to that reported by Rogler et al (1995) . This is remarkable for two reasons: i) HCC developing in these animal models were induced by two different agents (viral versus hormonally induced HCC) and ii) as stated above, alterations of IGF axis expression in both models resembled the metabolic effect of insulin on hepatic expression of these factors.
Despite the similarities of IGFBP expression observed in these two models, the biologic actions of IGFBP, whether they enhance or attenuate the effects of IGF, can hardly be predicted in an in vivo animal model. In the case of IGFBP-1, both inhibition and stimulation of IGF actions have been reported (Clemmons, 1997). Although tissue IGF-I and IGFBP were not measured quantitatively in the present study, an elevated expression of IGF-I together with a decreased expression of IGFBP-1, as observed in preneoplastic foci, is likely to result in an excess of IGF-I over IGFBP-1. Interestingly, under similar experimental conditions, when IGFBP-1 was added to porcine aortic smooth muscle cell or human fibroblast cultures with a molar excess of IGF-I to IGFBP-1, there was a further enhancement of the effects of IGF-I on DNA synthesis (Busby et al, 1988; Elgin et al, 1987) . IGFBP-4 is the only IGFBP that consistently inhibits IGF-I action in vitro (Clemmons, 1997) . However, IGFBP-4 knock-out mice showed growth deficits compared with the wild type strain, indicating that the in vivo role of IGFBP-4 is more likely to optimize IGF action than to inhibit it (Pintar et al, 1998) . Taken together, these data suggest that the altered IGFBP-1 and IGFBP-4 expression observed in preneoplastic foci might result in a condition that potentiates the mitogenic effects of IGF. However, for a definitive statement on the role of IGFBP during the process of hepatocarcinogenesis, the model of islet transplantation needs to be transferred to mice carrying a targeted disruption for one of these IGFBP or to IGFBP transgenic mice.
In the liver, IGF/insulin-mediated signal transduction may occur through binding to either the insulin receptor (IR) and/or the IGF-IR. Very few high-affinity binding sites for IGF-I have been demonstrated on adult rat hepatocytes (Caro et al, 1988) , consistent with the low IGF-IR expression in preneoplastic hepatic foci and in normal hepatocytes of adjacent liver tissue seen in the Scharf et al present study. Furthermore, short-term and long-term metabolic actions of IGF-I on primary cultures of rat hepatocytes have been attributed to low-affinity IGF-I binding to the IR (Hartmann et al, 1990) . Thus, the enhanced cell proliferation observed in preneoplastic hepatic foci (Dombrowski et al, 1994 ) is likely to be mediated via the IR rather than the IGF-IR. Increased IR expression associated with an activated signal transduction cascade, such as IRS-1, raf-1, and MEK-1, has been demonstrated in the preneoplastic hepatic foci observed in this animal model (F Dombrowski and J Sun, unpublished data). However, despite high proliferative activity, the growth rate of these preneoplastic hepatic foci was limited by the high apoptotic activity also observed in these foci (Dombrowski et al, 1994) . During the development from preneoplastic hepatic foci to HCA and HCC, mitotic activity increased to a higher magnitude than the rate of apoptosis (Dombrowski et al, 1997) . This shift towards a net increase of proliferation might be related to i) a decrease of IR and IRS-1, raf-1, and MEK-1 expression and ii) an increase of IGF-IR expression during the progression to HCC, as observed in the present study. Recent studies show that apoptosis can be blocked by activated IGF-IR in different cell types (Baserga et al, 1997; Baserga, 1999) . Apart from its anti-apoptotic function, the ␤ subunit of IGF-IR is ten times more mitogenic than the ␤ subunit of the IR (Lammers et al, 1989) . Thus, the development of hepatocellular adenomas and carcinomas in this animal model might be related to both the mitogenic and anti-apoptotic effects of IGF-IR. In this context, it is notable that IGF-IR can be stimulated by high concentrations of insulin in addition to IGF. Prisco et al (1999) demonstrated that insulin concentrations of 50 ng/ml were sufficient for IGF-IR activation. In the presented model of hepatocarcinogenesis, this might be relevant for IGF-IR expressing cells in small hepatocellular adenomas that are exposed to both IGF-I and insulin secreted by the transplanted islets. Although not studied in the present study, the involvement of IR/IGF-IR hybrids during hepatocarcinogenesis should be discussed. A recent study by Bailyes et al (1997) demonstrated that hybrid insulin/IGF receptors are widely distributed in mammalian tissues, including the liver. However, their signaling properties and functions under physiologic and pathophysiologic conditions has to be determined.
Furthermore, TGF-␣ expression also increases during the development from glycogen-storing liver acini to hepatocellular carcinoma in the animal model used in the present study (Dombrowski et al, 1997) . TGF-␣ is known to interact with the EGF receptor (Wells, 1999) and the EGF receptor requires the presence of a functional IGF-IR for its mitogenic and transforming activities (Coppola et al, 1994) . These data suggest that multiple growth factors, including insulin, IGF, and TGF-␣, are involved in the stepwise development of hepatocarcinomas in the animal model of islet transplantation used in the present study.
IGF-II/M6PR is thought to be a tumor suppressor gene because of its essential functions in the degradation of the mitogen IGF-II, the activation of the growth inhibitor TGF-␤, and the transport of lysosomal proteases (Braulke, 1999) . In a variety of tumor cell lines and in rat and human HCC, the expression of IGF-II/M6PR has been reported to be significantly reduced (Jirtle et al, 1994; Sue et al, 1995) . Furthermore, a loss of heterogeneity (LOH) at the IGF-II/ M6PR locus with point mutations in the remaining allele has been detected in approximately 70% of patients with HCC in the United States (De Souza et al, 1995) . Several of these mutations disrupt the ligand binding functions of intact IGF-II/M6PR (Byrd et al, 1999) , further supporting the hypothesis that IGF-II/ M6PR is a tumor suppressor gene. These data are in contrast to a recently published study on HCC in Japan that failed to detect genetic alterations of IGF-II/M6PR (Wada et al, 1999) , which renders the role of IGF-II/M6PR in hepatocarcinogenesis controversial. Using the same animal model presented in the current study, an up-regulation of IGF-II/M6PR expression was observed in preneoplastic hepatic foci early after islet transplantation, in HCA and HCC. Although these observations are in line with an elevated IGF-II/M6PR expression in rat livers treated with peroxisome proliferators (Rumsby et al, 1994) , they suggest a role of IGF-II/M6PR in limiting the mitogenic effects of IGF-II in these HCC models.
In conclusion, we demonstrated marked alterations in the hepatic expression of components of the IGF axis in preneoplastic hepatic foci after low-number islet transplantation into the livers of diabetic animals. These alterations perfectly mimicked the metabolic effects of insulin on primary cultures of hepatocytes. The elevated expression of IGF-I with down-regulation of IGFBP-1 and up-regulation of IGFBP-4 observed in preneoplastic hepatic foci might provide a milieu that potentiates the mitogenic effects of IGF-I. At this early stage of hepatocarcinogenesis, IGF-I is thought to exert its effects through interaction with the IR, because IGF-IR is barely detectable in preneoplastic hepatic foci. However, an elevated IGF-IR expression is consistently detectable in HCC tissue, rendering the tumor tissue susceptible to either IGF-II, which is overexpressed in some of the HCC, or to IGF-I from the adjacent nontumorous liver tissue.
Materials and Methods
Materials
[ 35 S]-UTP␣S (specific activity, Ͼ 1000 Ci/mmol) was purchased from Amersham-Buchler (Braunschweig, Germany), and [
32 P]-dCTP (specific activity, 3000 Ci/ mmol) from Hartmann Analytic (Braunschweig, Germany). The T7 Quick prime kit was obtained from Pharmacia (Uppsala, Sweden) and the nick translation kit from GIBCO BRL Life Technologies (Gaithersburg, Maryland).
Antibodies
Antibodies to rat IGFBP were supplied by Dr. Ling and Dr. Shimasaki (The Whittier Institute for Diabetes and Endocrinology, La Jolla, California). A rabbit polyclonal antiserum to rat IGF-I was supplied by DSL (Webster, Texas), a polyclonal antiserum to insulin by DAKO (Hamburg, Germany) and an antiserum directed against the ␤-subunit of the human IGF-IR by Santa Cruz (Heidelberg, Germany). IGF-II/M6PR from rat liver was purified (von Figura et al, 1984) and an antiserum was raised in rabbits (Schmitz et al, 1995) . Biotinylated mouse monoclonal antibodies against rabbit and goat IgG were obtained from Dianova (Hamburg, Germany) and horseradish peroxidaseconjugated streptavidin from Zymed Laboratories (San Francisco, California).
cDNA Probes
The following cDNA probes were used for northern blot analysis and ISH experiments: a 407 bp fragment of rat IGFBP-1 cDNA, clone pRBP-1-501 (Shimasaki and Ling, 1991) , a 444 bp fragment of rat IGFBP-4 cDNA, clone pRBP4-SH (Shimasaki and Ling, 1991) , a 700 bp fragment of rat IGF-I cDNA provided by Dr. Schwander and Dr. Margot (Department of Internal Medicine, Basel, Switzerland), a 500 bp fragment of rat IGF-II cDNA (Stylianopoulou et al, 1988) , a 265 bp fragment of rat IGF-IR cDNA (Werner et al, 1989) , a 500 bp fragment of the rat IGF-II/M6PR cDNA provided by Dr. LeRoith and Dr. Roberts (National Institutes of Health, Bethesda, Maryland). An oligonucleotide (5Ј AAC GAT CAG AGT AGT GGT ATT TCA CC 3Ј) complementary to 28 S rRNA was used to quantify northern blots.
Animals and Experimental Groups
Diabetes was induced in adult male Lewis rats (inbred strain) weighing 250 to 300 g by treatment with streptozotocin (80 mg per kg body weight). Diabetes was defined by a nonfasting blood glucose level higher than 400 mg/dl manifested 1 to 3 days after streptozotocin administration. The transplantation procedure was performed as previously described (Dombrowski et al, 1994 (Dombrowski et al, , 1996 (Dombrowski et al, , 1997 (Dombrowski et al, , 1998 . Briefly, in the main group, a small number of islets of Langerhans (n ϭ 250 to 450) freshly isolated from isologous healthy male rats was transplanted via the portal vein into the right part of the livers of 46 animals. Before infusion of the islets in the portal vein, the branch of the portal vein supplying the left lobe and the left part of the middle lobe was occluded by a vessel clamp. After transplantation, the clamp was removed after a maximal time of ischemia of 1 minute. The number of islets was chosen to be so low that mild hyperglycemia persisted for at least 10 months after islet transplantation (Dombrowski et al, 1997 (Dombrowski et al, , 1998 . From 2 days up to 24 months after transplantation, the animals were killed under anesthesia and tissue was processed as described in "Processing of Liver Tissue". Housing and treatment of animals conformed to the guidelines of the Society for Laboratory Animals Service (GV-Solas) and the German animal protection law.
Processing of Liver Tissue
Tissue was processed as previously described (Dombrowski et al, 1997) . Briefly, under anesthesia, the aorta was cannulated and the animal was perfused with Ringer's solution containing 0.5% (v/v) procaine and 4% (w/v) dextran for 2 minutes followed by fixation using a cocktail of Ringer's solution, 4% (w/v) dextran, 0.3% (v/v) glutaraldehyde, and 3% (v/v) formaldehyde freshly prepared from paraformaldehyde, before removing the liver. Approximately 2-to 3-mm thick sections were dehydrated and embedded in paraffin. From the paraffin-embedded liver specimens, serial sections were cut and stained with hematoxylin and eosin or with the periodic acid Schiff reaction (PAS). Additional sections were analyzed by immunohistochemistry.
Immunohistochemical Analyses
After examination of the hematoxylin and eosin and PAS stains, appropriate sections were selected and processed for immunohistochemistry as described previously (Dombrowski et al, 1997) . The antiserum to rat IGF-I was diluted to 1:250 (v/v); antiserum to IGFBP-4 was diluted 1:50 (v/v); and antisera to IGF-IR and M6P/IGF-IIR were diluted 1:100 (v/v). Immunohistochemical analyses using different antisera against IGFBP-1 and IGF-II showed only nonspecific immunoreactivity. Antibodies were detected with the LSAB ϩ kit (DAKO) and the DAB ϩ kit (DAKO) according to the manufacturer's instructions. Tissue sections were counterstained with hematoxylin, dehydrated, and coverslipped with Eukit (Merck, Darmstadt, Germany) as previously described (Dombrowski et al, 1997) .
ISH
For mRNA ISH analysis, the middle lobe of the liver was removed before perfusion with the fixation cocktail. Slices of liver tissue were frozen in liquid nitrogen and stored at Ϫ80°C. Prehybridization, hybridization, and washing procedures including the removal of nonspecifically bound probe by RNase A digestion were performed for both antisense and sense strand [ 35 S]-labeled RNA probes as previously described (Herbst et al, 1991) . Sections from preneoplastic hepatic foci and from HCC tissue were processed simultaneously using the same batches of probes and reagents. After exposing the slides for 2 to 6 weeks, autoradiographic detection of bound activity was performed as previously described (Herbst et al, 1991) .
Isolation of Total RNA and Northern Blot Analysis
Total RNA was isolated from rat liver as previously described (Scharf et al, 1995 (Scharf et al, , 1996 . For IGFBP-1, total RNA was evaluated using digoxigenin-labeled antisense RNA generated by in vitro transcription with RNA polymerase (Boehringer-Mannheim, Mannheim, Germany) and the T 3 promoter of the pBluescript SK ϩ plasmid as previously described (Scharf et al, 1996) . Fragments of the rat IGF-I plasmid (700 bp), the rat Scharf et al IGF-II plasmid (500 bp), the rat IGFBP-4 plasmid (444 bp), the rat IGF-IR (265 bp), and the IGF-II/M6PR (500 bp) were [ 32 P]-dCTP labeled by random priming. Prehybridization, hybridization, and washing of membranes were performed as previously described (Demori et al, 1997; Scharf et al, 1998b) .
